Cytokinins are a group of plant hormones stimulating, among others, axillary bud formation and inhibiting rhizogenesis. Adenine, their common component, often expresses cytokinin-like activity in plant development. The aim of the experiment was to determine the effect of adenine on rooting and development of Fuchsia hybrida cuttings. The influence of adenine was also assessed in comparison to benzyladenine, including their cooperation with 1-naphthaleneacetic acid. Anatomical analysis of the rooting process was also undertaken. Application of BA, both alone or together with NAA, strongly inhibited rhizogenesis, but stimulated axillary shoot outgrowth. Adenine exhibited cytokinin-like activity on axillary shoot development in Fuchsia hybrida cuttings, but did not show the inhibitory effect on root development typical for cytokinins. This compound, particularly at higher concentrations, stimulated both axillary shoot development and rooting, which was expressed as an increase in root number and rooting percentage, even after direct application to the base of the cuttings. Anatomical analysis revealed adenine-derived acceleration during elongation of adventitious root primordia.
INTRODUCTION
Plant hormones are synthesized by few conversions from common metabolic intermediates (C ed z i c h et al. 2008) . Adenine is a purine-derivative base of great significance for biochemistry of every organism as it forms DNA and RNA nucleotides as well as both the energy-rich adenosine triphosphate (ATP) and nicotinamide adenine dinucleotide (NAD). Apart from these, it also forms natural cytokinins (CKs). In plant cells, CKs occur in the form of free bases or corresponding nucleosides and nucleotides.
They also form connections with sugars and tRNA (F o r s y t h and V a n S t a d e n , 1987; B a j g u z and P i o t r o w s k a , 2009). The structure of these phytohormones is based on adenine carrying either an isoprene-derived or an aromatic side chain at the N 6 terminus. The first group of cytokinins, including, N 6 -( 2 -isopentenyl)-adenine (iP; i 6 Ade), trans-zeatin (tZ), cis-zeatin (cZ) and dihydrozeatin (DZ), are common in the plant world, whereas the latter, like benzyladenine (BA), ortho-topolin (oT), meta-topolin (mT), their methoxy-derivatives (meoT and memT, respectively), occur only in some plant species (S t r n a d et al. 1997 ; T a r k o w s k á et al. 2003) . Adenine derivatives also include synthetic cytokinin analogues, for example one of the most biologically active cytokinins N 6 -furfuryloadenine. In both isoprenoid and aromatic types of cytokinins, adenine is the active part (Sakakibara, 2006) . Any changes introduced to the purine ring decreases cytokinin-like properties or even leads to anticytokinin activity of compounds (C z e r p a k and P i o t r o w s k a , 2003).
Cytokinins are plant hormones influencing a wide range of plant developmental processes. They stimulate cell divisions and the formation of meristematic tissue. Among plant responses to cytokinins, many of them have a significant impact on the quality of ornamental plants, such as enhanced shoot branching, chlorophyll synthesis, and delayed senescence (S a k a k i b a r a , 2006; M ü l l e r and S h e e n , 2007). In commercial plant production, cytokinins are commonly used in in vitro plant propagation in order to stimulate tissue proliferation and adventitious shoot formation. On the other hand, a wider use of cytokinins in plant propagation is limited due to their strong inhibition of rooting, particularly at higher concentrations (V a n S t a d e n and H a r t y , 1988). Adenine is a cytokinin analogue in many aspects of plant development, therefore it is used usually in the form of adenine sulfate in in vitro plant propagation. The benefits of adenine in tissue cultures include, among others, stimulation of somatic embryogenesis and caulogenesis as well as promoting adventitious and axillary shoot formation (V a n S t a d e n et al. 2008 ; B a n t a w a et al. 2009 ). It also does not exhibit the inhibitory effect on root formation typical for cytokinins (M a t h u r et al. 2008) . A similar effect of adenine might be expected in ex vitro propagation, but, up till now, it has not been used for this purpose.
The aim of the study was to assess the influence of adenine in comparison to benzyladenine and their interaction with naphthalene-1-acetic acid on rooting and development of Fuchsia hybrida cuttings. Anatomical analysis of changes taking place in cuttings was also undertaken. Fuchsia hybrida is one of the most important crops among pot flowering plants (C a s an o v a et al. 2005) . Typical for fuchsia easy rooting and branching as well as good response to cytokinins (S t e v e n s o n and H a r r i s , 1980) make it a species suitable for study.
MATERIALS AND METHODS
The experiments with propagating Fuchsia hybrida 'Swingtime' by stem cuttings were carried out in a greenhouse of the Wroclaw University of Environmental and Life Sciences, Poland. They were esta- ). BA in all treatments and Ade at the concentrations of 0.1 and 0.2 g dm -3 were applied by spraying on leaves after placing the cuttings in rooting medium, while in the other treatments the quick-dip method was applied: the basal ends of the cuttings were dipped in the solutions for 5 seconds before placing them in the medium. The rooting medium consisted of white peat, pine bark, and perlite (3:1:1, v/v/v; pH 6.4). It was heated to a temperature of 21 o C. Low plastic tunnels were installed over the cuttings. The experiments were established in two-(Exp. 1) and one-factorial design (Exp. 2), in 3 replications, with 10 cuttings in each replication. The measurements, including percentage of rooting, number of roots, height of cuttings, as well as number and length of axillary shoots, were taken after 4 weeks of rooting. They were done for every cutting (from all replications) that survived, even if they did not develop roots.
The results of the study were subjected to analysis of variance, and least significant differences between means were calculated by Tukey's test at = 0.05. The data concerning the percentage of rooted cuttings were first transformed according to Bliss' function.
Anatomical analysis. For anatomical analysis, additional cuttings of Fuchsia hybrida 'Swingtime' were prepared. They were treated with the following formulations (in g × dm -3 ): Ade 0.5, Ade 1.0, BA 0.5, and BA 1.0, applied by the quick-dip method. The last treatment was the control containing untreated cuttings. All the cuttings were rooted in the above described conditions. For analysis, three cuttings were collected: every 24 hours during the first week of rooting and every 48 hours during the following 2 weeks. Transverse sections were made from the basal part of cuttings, 0.5-1 cm long. The stem segments were embedded in paraffin, cut into 10 μm sections using a microtome with disposable blades (Boeckeler MR2), stained with acid fuchsin and fast green and covered with Canadian balm. Microscopic analysis was performed in an optical microscope and images were photographed.
RESULTS
Rooting. Experiment 1. Cuttings treated with BA did hardly developed roots during the four weeks of the study, yet they were still growing. Application of BA together with NAA also strongly inhibited rhizogenesis (Table 1) . Anatomical analysis confirmed that the formation of adventitious root primordia in cuttings treated with BA, although delayed, had already begun. In both concentrations of BA, the first primordia were observed after 11 days of rooting ( Fig. 1) , whereas in control cuttings the same stage was visible after 7 days. The first adventitious roots appeared on the shoot surface after 17 days (Fig. 2) , as compared to 13 days in control cuttings. Contrary to BA, adenine did not influence or increase the number of adventitious roots in both years of the experiment (Table 2) . Independently of the year of the experiment, positive effects were observed after treatment with adenine at the higher concentrations of 1.0 and 0.5 g × dm -3 applied together with NAA at 1.0 g × dm -3
. Similar observations were made in Experiment 2 in which only adenine at the highest concentrations of the examined treatment (0.2 g by foliar application and 2.0 g × dm -3 by the quick-dip method) stimulated root formation. Analogous responses to adenine at the same concentrations were also apparent in anatomical analysis. Under the influence of adenine at both concentrations examined, up to 3 primordia occurred in the shoots of cuttings, the same number as in control cuttings, in comparison to 2 in cuttings treated with BA. In cuttings treated with adenine at both concentrations (0.5 and 1.0 g × dm -3 ), the early stages of rhizogenesis (Fig. 3) , including first cell divisions and swelling of tissue in the cambium and phloem region leading to primordium formation, occurred after 4 and 6 days, respectively, one day later than in control cuttings. Organized root primordia (Fig. 4) developed, respectively, after 7 and 9 days as compared to 7 days in control cuttings. From that moment root development in adenine-treated cuttings was accelerated. Roots grew out through stem tissues ( Fig. 5 ) after 9 days in cuttings treated with adenine at 0.5 g × dm -3 and after 11 days with adenine applied at
Regardless of the concentration and treatment with or without NAA, adenine also increased the percentage of rooting (Tables 1, 2) . Shoot development. Experiment 1. As compared to benzyladenine, which strongly inhibited the growth of cuttings in both years of the experiments, adenine did not exhibit such an unequivocal effect on the height of cutting (Table 3) . The combination of adenine 0.5 g and NAA 1.0 g × dm -3 decreased the height of cuttings, whereas at the concentration of 0.5 g × dm -3 adenine stimulated their growth. It was the only concentration of adenine that enhanced the growth of cuttings also in Experiment 2. In this research, the inhibiting effect was noted after treatment with adenine at 0.2 and 1.0 g × dm -3 (Table 4 ). The influence of adenine on the number of axillary shoots was the same as that of benzyladenine. Both compounds stimulated shoot formation, yet the influence of BA was also expressed in the presence of NAA, independently of their concentration. The positive influence of adenine on shoot number could be seen in Exp. 2, as well. The only combination with no effect on lateral shoot formation was adenine at 0.2 g × dm -3 applied by spraying.
A significant difference between adenine and benzyladenine on the length of axillary shoots was observed. Benzyladenine stimulated their elongation when applied alone or with NAA 0.5 g × dm -3
. In both experiments, none of the adenine treatments influenced axillary stem length (Tables 3, 4) . , day 11, showing the formation of an adventitious root primordium; 2. treated with benzyladenine at 1.0 g dm -3 , day 17, showing an adventitious root developing through the tissues of the shoot; 3. treated with adenine at 1.0 g dm -3 , day 6, showing divisions (d) in the cambium and phloem region leading to adventitious root primordium formation; 4. treated with adenine at 0.5 g dm -3 , day 7, showing the formation of an adventitious root primordium; 5. treated with adenine at 1.0 g dm -3 , day 11, an adventitious root developing through the tissues of the shoot. Bar equals 100 μm. , and Petunia (C a r e y et al. 2007 ), leading to improved quality of plants expressed by better branched plants and more abundant flowering. Such an effect of BA application was achieved in our experiment with Fuchsia propagated by cuttings. This species is known for its susceptibility to cytokinins during in vitro propagation. As reported by S t ev e n s o n and H a r r i s (1980), application of BA and 2iP induces strong outgrowth of shoots, resulting in a dramatic increase in the rate of Fuchsia proliferation.
DISCUSSION
Adenine often shows a stimulatory effect on shoot development similar to that of cytokinins (V a n S t a d e n et al. 2008 ). Previously, this cytokinin-like activity of adenine was believed to result from its role as a precursor of CK biosynthesis, but studies with labeled adenine have shown that it is incorporated at a very low ratio into biologically-active cytokinins (D i c k i n s o n et al. 1986 ). These facts lead to the conclusion that the mechanism of cytokinin-like activity of adenine lies in other metabolic processes, like cytokinin degradation or inactivation for storing and transport. Contrary to this, the pathway of aromatic cytokinin biosynthesis is still unknown, but it is apparent that this pathway is distinct from the common pathway for cytokinins with isoprenoid chains. The conjugation of the benzyl ring to adenine might have been suspected. This could explain the positive affect of adenine sulphate on the number of shoots in micropropagation of Picrorhiza scrophulariiflora Pennell. (B a n t a w a et al. 2009) Another mechanism seems to be involved in root development processes. Cytokinins usually act as strong inhibitors of lateral and adventitious root formation (V a n S t a d e n and H a r t y , 1988). The mechanism of cytokinin-involved inhibition of rhizogenesis lies in the reduced number of proliferating cells (B ee m s t e r and B a s k i n , 2000; W e r n e r et al. 2001, 2003) resulting from mediation of meristematic cell differentiation at the transition zone (D e l l o I o i o et al. 2007 ; L a p l a z a e et al. 2007 ; M ü l l e r and S h e e n , 2007). Previous studies indicate that adenine, which exhibits cytokinin-like activity on axillary shoot development in cuttings, did not show the inhibitory effect on rooting typical for cytokinins (M a t h u r et al. 2008) or it is considerably weaker (G a t i c a A r i a s et al. 2010 ). The results of our research corroborate the neutral or positive influence of adenine on the number of roots of Fuchsia cuttings. At the higher concentration or in combination with auxin, adenine stimulated adventitious root formation, even when applied directly to the basal end of cuttings. This phenomenon implies the role of adenine in auxin metabolism or acting as an auxin cofactor in adventitious rooting. It also corroborates compartmentalization of cytokinin metabolism and transport (D i c k i n s o n et al. 1986 ). H i r o s e et al. (2008) present the spatial distribution of cytokinin--related gene expression in Arabidopsis and underline the role of long-distance transport of cytokinins in plant development. As adenine is transported by the same systems, it is likely to compete for cytokinin uptake.
CONCLUSIONS
1. Treatment with BA, irrespective NAA application, strongly inhibited rooting of Fuchsia hybrida cuttings, but stimulated axillary bud outgrowth. 2. Adenine exhibited cytokinin-like activity on axillary shoot development in cuttings, but did not show the inhibitory effect on rooting typical for cytokinins. It stimulated both axillary shoot and adventitious root development. The response of cuttings to adenine involved an increase in root number and rooting percentage in one year of the experiment, even after direct application to the base of the cuttings. Anatomical analysis revealed adenine-derived acceleration of root primordia elongation.
